Evidence of a pressure-induced metallization process in monoclinic VO2 
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Raman and combined trasmission and reflectivity mid infrared measurements have been carried 
out on monoclinic VO2 at room temperature over the 0-19 GPa and 0-14 GPa pressure ranges, 
respectively. The pressure dependence obtained for both lattice dynamics and optical gap shows 
a remarkable stability of the system up to P*~10 GPa. Evidence of subtle modifications of V ion 
arrangements within the monoclinic lattice together with the onset of a metallization process via 
band gap filling are observed for P>P*. Differently from ambient pressure, where the VO2 metal 
phase is found only in conjunction with the rutile structure above 340 K, a new room temperature 
metallic phase coupled to a monoclinic structure appears accessible in the high pressure regime, 
thus opening to new important queries on the physics of VO2. 
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Since the first observation of the metal to insulator 
transition (MIT) in several vanadium oxides, these ma- 
terials attracted considerable interest because of the huge 
and abrupt change of the electrical properties at the MIT. 
As usual in transition metal oxides, electronic correla- 
tion strongly affects the conduction regime of vanadium 
oxides, although, in some compounds, lattice degrees of 
freedom seem to play an important role. This is the case 
of VO2 , which undergoes a first order transition from a 
high temperature metallic rutile (R) phase to a low tem- 
perature insulating monoclinic (Ml) one. At the MIT 
temperature, T c =340 K, the opening of an optical gap 
in the mid-infrared (MIR) conductivity and a jump of 
several order of magnitude in the resistivity are observed 
[l| . The interest on this compound is thus mainly focused 
on understanding the role and the relative importance of 
the electron-electron and the electron-lattice interaction 
in driving the MIT. Despite the great experimental and 
theoretical efforts the understanding^ this transi- 
tion is still far from being complete 0,13) IS IE 0- I n 
the R phase the V atoms, each surrounded by an oxy- 
gen octahedron, are equally spaced along linear chains 
in the c-axis direction and form a body-centered tetrag- 
onal lattice. On entering the Ml insulating phase the 
dimerization of the vanadium atoms and the tilting of 
the pairs with respect to the c axis lead to a doubling of 
the unit celb with space group changing from C\ h (R) to 
(Ml) ||,|g|. As first proposed by Goodenough [ljj, 
the V-V pairing and the off-axis zig-zag displacement of 
the dimers lead to a band splitting with the formation 
of a Peierls-like gap at the Fermi level. First principle 
electronic structure calculations based on local density 
approximation (LDA) showed the band splitting on en- 
tering the monoclinicphase, but failed to yield the open- 
ing of the band gap [HI, [I2]- In fact, as early pointed out 



[131 ] , the electron-electron correlation has to be taken into 
account to obtain the insulating phase. A recent theo- 
retical paper where the electronic Coulomb repulsion U 



is properly accounted for, shows that calculations carried 
out joining dynamical mean field theory with the LDA 
scheme correctly captured both the rutile metallic and 
the monoclinic insulating state Q. 

There are many experimental evidences of strong elec- 
tronic correlation in VO2, as for example the anomalous 
linear temperature dependence of conductivityabove T c 
without any sign of saturation up to 800 K 14j . More- 
over a recent study of the temperature dependence of the 
optical conductivity ^6] shows that MIT involves a redis- 
tribution of spectral weight (i.e the frequency-integrated 
optical conductivity ui(uj)) within a broad energy scale 
(^ 5.5 eV). This suggests electronic correlation to be 
crucial for the MIT, even though the insulating state 
may not be a conventional Mott insulator because of the 
Peierls pairing. Finally it should be noted that insu- 
lating monoclinic VO2 with a different space group C\ h 
(M2) can be achieved under peculiar growing condition 
[15| . as well as by means of minute amounts of Cr/V 
substitution [l(|. In the M2 phase the Peierls pairing 
is partially removed: one half of the V atoms dimerizes 
along the c-axis, and the other one forms zig-zag chains 
of equally spaced atoms [l6[. The insulating character 
of the M2 phase has been reported as a further support 
of the idea that the physics of VO2 is close to that of a 
Mott-Hubbard insulator [13, El- 

High pressure is an ideal tool for studying electron- 
correlated systems. Lattice compression in these systems 
usually increases the orbital overlap and the electronic 
bandwidth (W) thus allowing for a systematic study of 
the physical properties as a function of U/W. Unfortu- 
nately there is an almost complete lack of high pressure 
experimental data on VO2 apart from early resistivity 
measurements which show a small pressure-induced in- 
crease (about 3 K) of T c in the 0-4 GPa range [l|j]. On 
the contrary the application of pressure on Cr-doped VO2 
in the M2 phase induces a remarkable decrease (about 20 
K) of T c within the 0-5 GPa range [11]. 
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In the present Letter we report on high-pressure MIR 
(0-14 GPa) and Raman (0-19 GPa) measurements on 
VO2 at room temperature to study pressure-induced ef- 
fects on both the electronic structure and the lattice dy- 
namics. In particular, since the optical gap lies in the 
MIR region and the Raman spectra of VO2 are drastically 
different in the R and Ml phases, the techniques chosen 
allow to monitor independently the electronic and the 
structural transitions. VO2 was prepared starting from 
proper amounts of V2O3 and V2O5 (Aldrich >99.9%) 
pressed in form of pellet and reacted at 1050°C in an 
argon flux for 12 h. Single crystal of needle-like form 
were obtained. Phase purity was checked through single 
crystal x-ray diffraction on some crystals and also on a 
powdered sample from crushed crystals. The room tem- 
perature refined lattice parameters are in both cases in 
full agreement with the Ml monoclinic structure. The 
Ml-R transition in synthesised samples has been probed 
by means of Differential Scanning Calorimetry which re- 
vealed a clear endothermic peak at about 340 K in perfect 
agreement with the literature T c value. 

A screw clamped opposing-plates diamond anvil cell 
(DAC) equipped with 400 /im culet II A diamonds has 
been used for both Raman and MIR experiments. The 
gaskets were made of a 250 /im thick steel foil with a sam- 
ple chamber of 130 /jm diameter and 40 to 50 /im height 
under working conditions. We used NaCl an KBr as pres- 
sure transmitting media for Raman and MIR measure- 
ments respectively [20I [2l| . Pressure was measured in 
situ with the standard ruby fluorescence technique [22j ■ 

High-pressure MIR spectra of room temperature VO2 
have been collected exploiting the high brilliance of the 
SISSI infrared beamline at ELETTRA synchrotron in 
Trieste [23| . The incident and reflected (transmitted) ra- 
diation were focused and collected by a cassegrain-based 
Hyperion 2000 infrared microscope equipped with a MCT 
detector and coupled to a Bruker IFS 66v interferome- 
ter, which allows to explore the 750-6000 cm -1 spectral 
range. A VO2 5/im thick slab, obtained by pressing finely 
milled sample between the diamond anvils, have been 
placed in the gasket hole, where a KBr pellets was previ- 
ously sintered [24j • The slits of the microscope were care- 
fully adjusted to collect transmitted and reflected light 
from the sample only and kept fixed for all the experi- 
ment. 

The high brilliance of the infrared synchrotron source 
and the proper sample thickness allow us to measure the 
intensities reflected, I^(uj), and transmitted, I^(u>), at 
each pressure. Possible misalignements and source inten- 
sity fluctuations have been accounted for by measuring 
the intensity reflected by the external face of the dia- 
mond anvil, Ift(uj), at each working pressure. At the 
end of the pressure run we measured the light intensities 
reflected by a gold mirror placed between the diamonds 
Ift U (uj) and by the external face of the diamond anvil 
Ift'(u). By using the ratio I^'(cu)/I^ (to) as a correction 



function, we achieved the reflectivity R(w): 
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The transmittance T(w) is obtained using: 



T(w) 



(1) 



(2) 



where I^ AC (u>) is the transmitted intensity of the empty 
DAC without gasket and with the anvils in tight contact. 
R(w) and T(o>) at selected pressures are shown in Fig. 1. 

At P ~ 0, the low-frequency reflectivity is charac- 
terized by a steep rise due to a phononic contribution, 
whereas, on the high frequency side, R(w) is slowly vary- 
ing between 0.05 and 0.08, values slightly higher than 
those expected for sample-diamond interface 0, I27I ]. 
The extra reflectivity is due to the multiple reflections 
within the sample-KBr bilayer which also originate the 
interference fringes well evident in both R(o>) and T(w). 
The low T(u>) values at high-frequency are due to the ab- 
sorption of the low-frequency tail of the electronic band 

Within the 0-10 GPa pressure range R(w) does not 
change remarkably whereas T(o>) gradually decreases. 
On increasing pressure above 10 GPa R(w) starts to in- 
crease and T(w) abruptly decreases to very small values 
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FIG. 1: (Color online), (a) MIR reflectivity R(w) and (b) 
transmittance T(w) of VO2 at selected pressures. Arrows in- 
dicate increasing pressure. Dashed lines are guides for the 
eyes which replaced the data at the frequencies where the di- 
amond absorption shows very intense peaks. For sake of clar- 
ity, fringes have been averaged out in the reflectivity spectra, 
except at the lowest pressure. Inset: low-frequency optical 
density Od(u)). 



3 



owing to the shift of the electronic band towards lower 
frequencies. A clear evidence of this process is found 
in the optical density Od(u>)= - lnT(w) shown in the 
inset of Fig. 1. Above 10 GPa the electronic contri- 
bution fills the optical gap and the phonon peak is re- 
markably screened. These findings show the onset of a 
pressure induced charge derealization process. The si- 
multaneous measurements of R(u>) and T(o>) allow us to 
extract the real, n(w), and the imaginary part, k(w), of 
the complex refractive index of VO2. To this purpose 
a multilayer scheme diamond-sample-KBr-diamond has 
been adopted, where multiple reflections within the sam- 
ple and the KBr layers have been fully accounted for by 
adding incoherently the intensities of the reflected beams 
[25I ]. Using the experimental layer thicknesses and the 
known optical properties of diamond and KBr [261 ] , R(w) 
and T(w) can be expressed as a function of n(u) and k(aj) 
only. The analytical derivation, under the above assump- 
tions, is straightforward albeit rather lengthy, and will be 
reported in detail in a forthcoming extended paper. The 
non-analytical two equations system can be solved nu- 
merically by an iterative procedure to obtain n(w) and 
k(w) [2g|. The results obtained at the lowest pressure 
have been found to be in good agreement with literature 
data at P=0 [EH?]]. We point out that the independence 
of the results from the guess function have been checked 
and that a complete agreement is found when a different 
calculation technique [5| is adopted to obtain 11(00 ) and 
k(oj). 

The optical conductivity <j\(uj) = 2w/47r • n(oj)k(uj) at 
different pressure is shown in Fig. 2. The low frequency 
region of the spectra has not been reported because the 
strong variations of the optical constants around the 
phonon contribution could affect the reliability of the re- 
sults of the iterative procedure. In any case the data 
shown in Fig. 2 allow to follow the pressure behaviour 
of the low frequency tail of the electronic band, which is 
the spectral structure mostly affected by the MIT Q . 

At P ~ 0, cti(w) is in good agreement with recent am- 
bient pressure data @ and it is weakly pressure depen- 
dent up to 4 GPa. On further increasing the pressure, 
<7i(co>) progressively increases, mainly within the 1500- 
4500 cm -1 frequency range. Above 10 GPa an abrupt 
increase of the overall (J\(oj) occurs and a remarkable 
pressure-induced band gap filling is observed. The data 
at the highest pressure clearly show that the energy gap, 
if still open, is well below 900 cm -1 . We want to notice 
that a rough linear extrapolations of the data collected 
at P>10 GPa gives positive although small a\(uj = 0) 
values compatible with a bad metal behaviour. 

The effect of pressure can be better visualized if the 
pressure dependence of the spectral weight SW(P) is 
analyzed. At each pressure we calculated the integral 
of ctiH over the 900-1600 cm" 1 [SW L (P)] and 2600- 
5000 cm -1 [SWij(P)] frequency ranges. The integration 
has not been extended to the frequency region above 
5000 cm -1 , owing to the onset of saturation effects in 
the spectra collected at the highest pressures (see in 
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FIG. 2: (Color online). Optical conductivity oi(w) of VO2 at 
different pressures. Dashed lines are a guide for the eyes. In 
the inset the normalized spectral weights calculated over the 
900-1600 cm" 1 (SW£(P)) and the 2600-5000 cm" 1 (SW^(P)) 
frequency ranges are shown. 



Fig. 2 the high noise level of these spectra at high 
frequencies). The spectral weights normalized to the 
lowest pressure values, SW2(P)=SW L (P)/SW L (0) and 
SW^(P)=SW jF/ (P)/SW ff (0) are shown in the inset of 
Fig. 2. Both the spectral weights show the same pres- 
sure dependence, with a clear and abrupt change of slope 
at 10 GPa. We notice that the absolute pressure-induced 
variation of SW^(P) is much larger than that observed 
for SWJf(P), as expected if charge derealization occurs 
@. Such a large and abrupt increase of the spectral 
weight in the gap region is certainly compatible with the 
occurrence of a pressure induced MIT, although the spec- 
tral range of the present measurements does not allow 
to claim undoubtedly the complete optical gap closure 
above 10 GPa. 

Raman measurements have been carried out using a 
confocal micro- Raman spectrometer equipped with a He- 
Ne laser source (632.8 nm), a 1800 g/cm grating, and 
a Charge-Coupled-Device detector. A notch filter was 
used to reject the elastic contribution of the backscat- 
tered light collected by a 20x objective. Under these ex- 
perimental conditions we achieved a few microns diame- 
ter laser spot on the sample and a spectral resolution of 
about 3 cm -1 . Raman spectra of a VO2 small single crys- 
tal collected within the 150-800 cm -1 frequency range are 
shown in Fig. 3 at selected pressures. The spectrum at 
the lowest pressure shows a full agreement with previ- 
ous data collected on VO2 in the Ml phase at ambient 
pressure [291 l30l] . Fifteen narrow phonon peaks of the 18 
Raman-active modes predicted for the Ml phase (9 A g 
+ 9 B ff ) can be identified in the present measurements. 
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FIG. 3: Raman spectra of VO2 at different pressures. Arrows 
mark the phonon peaks uvi, uv%, and too- Inset: phonon 
frequencies wvi and u>v2 as a function of pressure (dashed 
lines are guide for the eyes). 

The effect of pressure on the Raman spectrum results 
in a clear phonon frequency hardening, which, however, 
does not significantly changes either the peak pattern 
or the overall spectral shape over the pressure range ex- 
plored. Variations of the relative intensities of phonon 
peaks must be ascribed to polarization effect, particu- 
larly strong in VO2 [13, HH . Since the Raman spectrum 
of VO2 in the R phase is characterized by only 4 broad 
peaks [29I [30( | we can safely conclude at a glance that a 
transition to a R phase is not achieved by applying pres- 
sure up to 19 GPa. The good quality of the data allows 
to apply a standard fitting procedure [20] to analyse the 
pressure dependence of the phonon spectrum. The anal- 
ysis shows an almost linear increase of the frequencies of 
every phonon peak eccept for tovi and u>v2 at 192 cm" 1 
and 224 cm -1 at P^0, respectively, whose pressure de- 
pendence is shown in the inset of Fig. 3. A rather abrupt 
change of the rate duj/dP from a value close to zero to 
1-1.5 cm" 1 /GPa is apparent at around 10 GPa. Due 
to the large difference between the V and the O mass, 
the low frequency ujvi and oj\?2 peaks can be ascribed 



to the V-ions motion in the dimerized chains. In fact 
by comparing the phonon frequencies of VO2 with those 
of Nb02, which has the same crystal structure and ex- 
hibits a quite similar Raman spectrum [32l ]. uiyi and uiyz 
frequencies scale with the mass of the transition metal, 
while the frequency of the u>o peak (see Fig. 3) scales 
with the reduced mass between the oxygen and the tran- 
sition metal. Albeit the monoclinic structure is retained 
over the whole pressure range explored, the latter find- 
ing suggests some rearrangement of the V-V chains as 
the pressure is increased above 10 GPa. 

To summarize, we report on a careful high-pressure Ra- 
man and MIR investigation of VO2. In particular, tak- 
ing full advantage from the high brilliance of the SISSI 
beamline, we were able to collect both transmittance 
and reflectivity of the sample in the DAC allowing for 
a full analysis of the MIR data. The whole of the results 
clearly identifies two regimes below and above a thresh- 
old pressure P*~ 10 GPa. Both Raman and IR spec- 
tra show a weak pressure dependence for P<P* whereas, 
for P>P*, the pressure driven optical gap filling is ac- 
companied by a rearrangement of the V chains within a 
monoclinic framework. The stability of the monoclinic 
phase, which retains up to 19 GPa, and the pressure- 
driven derealization process, which starts at P* and it 
is quite remarkable at the highest pressures (14 GPa), 
indicate that the metal-insulator and monoclinic-rutile 
transitions are decoupled in high pressure V02- Recent 
high-pressure x-ray diffraction data [33| which extend the 
stability of the monoclinic phase up to 42 GPa further 
support the above finding. 

The rearrangement of the V chains at P* suggests the 
occurrence of a subtle transformation into a new mono- 
clinic phase where lattice compression enables the system 
to evolve towards a metallic phase. A pressure-induced 
transition from the Ml to the M2 phase can be con- 
jectured, bearing in mind the strong pressure-induced 
reduction of the MIT temperature observed in M2 Cr- 
doped VO2 [l6[. This transition is compatible with our 
Raman results since the spectra of VO2 in the Ml and 
M2 phases are expected quite similar (group theory pre- 
dicts the same number of Raman modes). The present 
results thus open to new experimental queries and rep- 
resent a severe benchmark for theoretical model aimed 
at addressing the role of the electron-electron correlation 
and the structural transition in driving the MIT in VO2. 
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